Using magnetometry and polarized neutron reflectometry ͑PNR͒, we have mapped the reversal processes of the antiferromagnetically coupled, hard/soft system, TbFeCo/ ͓Co/ Pd͑t Pd ͔͒ 15 , with perpendicular anisotropy. The magnitude of the exchange coupling within the ͓Co/ Pd͔ layer can be tuned by varying Pd thickness. Since PNR is insensitive to moments perpendicular to the plane, a scattering geometry with polarization parallel to the scattering vector was used to isolate in-plane magnetization components and characterize the behavior of a domain wall near the bilayer interface. Consistent with predictions from a micromagnetic calculation, the characteristics of the domain wall vary with field and exchange stiffness in the Co/ Pd. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2936836͔
Today, perpendicular recording, in which the magnetic anisotropy axis is normal to the media film plane ͓perpen-dicular magnetic anisotropy ͑PMA͔͒, has effectively replaced traditional in-plane storage media in the hard disk industry.
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Various exchange-coupled composite structures have been recently proposed to reduce the switching field amplitude of the media without reducing its thermal stability. [1] [2] [3] In such soft/hard systems, the magnetization reversal is thought to occur by domain nucleation by the soft layer that propagates into the hard layer. Optimizing these structures requires controlling the vertical exchange and understanding the magnetic reversal pathway. To date, most of the experimental studies report macroscopic magnetization measurements or recording performances, 1,4 providing only indirect information about the shape and the location of PMA domain walls ͑DWs͒. For related multilayer films with in-plane anisotropy, polarized neutron reflectivity ͑PNR͒ has been used in the past to resolve the depth dependence of interfacial magnetic DW. 5, 6 However, the application of this powerful technique to PMA media is nontrivial as the perpendicular moments are parallel to the scattering vector and do not give rise to scattering via the neutron selection rules. 7 In this letter, we describe the depth-dependent, magnetic profile of a PMA exchange-coupled system obtained by using PNR in an unconventional geometry. 8 Specifically, we have characterized antiferromagnetically ͑AF͒ coupled, TbFeCo/ ͓Co/ Pd͑t Pd ͔͒ multilayers with varying Pd thickness, which could be part of a prototype for composite multilayer media. 9 Room temperature PNR measurements, combined with magnetometry, directly reveal that an interfacial DW ͑iDW͒ nucleates as the field is cycled. A comparison between two samples with different t Pd indicates that the internal exchange coupling of the soft layer influences the iDW shape and location during field cycles. The behavior of the iDW deduced from PNR studies is consistent with expectations from an idealized one-dimensional ͑1D͒ micromagnetic calculation.
Tb 45 ͑Fe 80 Co 20 ͒ 55 ͑24.5 nm͒ / ͓Co͑0.35 nm͒ / Pd͑t Pd ͔͒ 15 / Pd͑2 nm͒ multilayers with t Pd = 0.5 or 0.7 nm were grown at room temperature onto Si wafers by dc magnetron sputtering. The ferrimagnetic TbFeCo alloy exhibits a strong perpendicular anisotropy and a net magnetization parallel to the Tb moments.
10 ͓Co/ Pd͔ multilayers have PMA for both samples, and the Pd thickness determines the exchange coupling between successive Co layers. 11 The interfacial exchange interaction between the ͓Co/ Pd͔ and TbFeCo layers is dominated by the ferromagnetic exchange interaction between the transition metals such that AF coupling exists between the TbFeCo and ͓Co/ Pd͔ magnetizations. bilayer. 6 In zero field, the TbFeCo and Co/ Pd layers are antiparallel ͓Fig. 1͑ii͔͒. In applied fields, the interfacial exchange is overcome and a nonuniform iDW presumably forms ͓Fig. 1͑i͔͒. For increasing field, the iDW is expected to compress against the interface with the TbFeCo.
We compare the normalized M versus H to the result of a 1D micromagnetic calculation based on a simplistic spin chain that mimics the bilayer ͑Fig. 1͒. The magnetic profile of this spin chain is characterized by a depth-dependent angle ͑z͒ relative to the chain axis, as described elsewhere. 12, 13 Exchange, anisotropy, and Zeeman energies are minimized numerically to determine the ͑meta͒stable magnetic configurations, which correspond to minima of the total magnetic energy ͑colored lines in Fig. 1͒ −7 erg cm. The interfacial exchange coupling is held constant at A int = −9 erg cm 2 . PNR measurements were made on the NG1 reflectometer at NIST to determine the shape and extent of the DW in the TbFeCo/ ͓Co/ Pd͔ samples. In most typical PNR experiments, the neutron polarization and applied field are both oriented within the sample plane. In our study, we instead aligned both the neutron polarization and external field perpendicular to the sample plane, 8 parallel to the direction of the scattering vector, in order to isolate the in-plane moment projection. We measured all four cross sections: R +− and R −− labeled nonspin flip ͑NSF͒ as the neutron retains its original polarization, and R +− and R −+ , labeled spin flip ͑SF͒, where the neutron spin rotates 180°. In this scattering geometry, the NSF reflectivity has no magnetic component and is sensitive only to the chemical depth profile of the film. The SF reflectivity originates entirely from the projection of the moment in the film plane because the moment parallel to Q does not contribute to any of the scattering in accordance with neutron selection rules. 15 Since our samples have PMA, SF scattering develops only when an iDW is formed in an applied field. The depth dependence of the in-plane moment projection, extracted from the SF data, can thus be used to deduce the shape and position of the DW in the multilayer. Figure 2 shows SF reflectivity data ͑i.e., the sum of R +− and R −+ , which are equal 16 ͒ for the film with nominal Pd thickness of 0.5 nm measured at different fields after positive saturation. An increase in the SF intensity is observed with decreasing field from 0.7 to 0.3 T. Since the SF scattering amplitude is directly related to the component of the magnetization in the film plane, this observation corroborates the DW decompression scenario described above. The SF amplitude is much smaller at 0.005 T, however, consistent with formation of an antiparallel state with the moments parallel to the anisotropy axis. A similar behavior was observed in the PNR data for the Pd= 0.7 nm film.
To obtain the chemical and magnetic depth profiles, the PNR data were fitted to the theoretical formalism described elsewhere 17 with the REFLPAK software. 18 Prior to fitting, the reflectivity data were corrected for background, efficiencies of the polarizing elements ͑typically Ͼ97%͒, and footprint of the beam. To reduce the number of variables, key structural parameters, obtained from fits to the x-ray reflectivity data, were held constant during fits to the NSF neutron data. The SF data ͑Fig. 2͒ were then fitted by varying the in-plane projection of the magnetization M in ͑z͒ while requiring a smooth, continuous variation with depth. The data are well described by a model in which the Co moment gradually increases with depth ͓Fig. 3͑a͔͒. Alternate magnetic structures involving, for example, uniform alignment of all inplane moments or a gradual decrease in the Co moments with increasing depth could not account for prominent data features, such as the width and depth of the dip near Q = 0.025 Å −1 . Overall, the fits are much less sensitive to the characteristics of the TbFeCo moment. Figure 3 summarizes the depth-dependent, in-plane component of the magnetization deduced from fits to the SF reflectivity for our films with t Pd = 0.5 nm ͓Fig. 3͑a͔͒ and t Pd = 0.7 nm ͓Fig. 3͑b͔͒, in comparison to 1D micromagnetic calculations ͓Figs. 3͑c͒ and 3͑d͒, respectively͔ that fit the magnetization curves. For all of the fields except 0.005 T, the fits reveal that a large fraction of the moments are not aligned parallel to the PMA axis. Starting at the top of the Co/ Pd stack ͑i.e., depth of zero͒, the in-plane magnetization projection increases until it reaches a maximum close to the ͓Co/ Pd͔ -TbFeCo interface. The magnetization then decreases steeply and reverses direction within the TbFeCo layer as a result of the AF interface coupling. This depth dependence mimics that of the in-plane moment projection of a "Neel-like" iDW predicted by the 1D model. This iDW is localized mainly in the ͓Co/ Pd͔ multilayer. An estimate for the DW thickness is ␦ = ͱ A / K. Using the magnetic parameters above, the calculated DW thickness is about 4.5 nm for t Pd = 0.5 nm and about 1.5 nm for t Pd = 0.7 nm. The latter is much smaller as a result of the smaller exchange coupling across the Pd layers. As the field is increased from 0.35 to 0.7 T, the total amplitude of the in-plane magnetization decreases, and the iDW center ͑i.e., the depth at which the in-plane magnetization is maximum͒ slightly shifts toward the interface.
The extent and position of the iDW in both samples qualitatively match the model calculations, confirming that the Pd thickness dependence originates from differences in the Co-Co interlayer exchange coupling in the Co/ Pd multilayer. The in-plane moment magnitude of the 0.7 nm sample is close to model predictions, but the in-plane moment for the 0.5 nm sample is smaller than expected ͑Fig. 3͒. This discrepancy 19 could arise from a distribution of iDWs across the sample plane with small variations in ␦. This distribution would reduce the net in-plane layer moment measured by PNR. In addition, the 1D model restricts rotation of the spins to a single plane. While our PNR results are consistent with a Neel-like wall, they do not exclude the possibility of more complex DWs with in-plane and out-of-plane components.
In conclusion, we have studied TbFeCo/ ͓Co/ Pd͔ bilayers with an AF interface exchange coupling and uniaxial perpendicular anisotropy ͑PMA͒. Our PNR and magnetometry measurements directly reveal that an iDW forms at intermediate fields due to competition between Zeeman and exchange coupling energies. Our PNR scattering geometry was optimized to isolate the in-plane footprint of the iDW, since PNR is not directly sensitive to moment components perpendicular to the sample plane. Our results reveal that the shape and location of the iDW vary systematically with the exchange stiffness of the Co-Co interaction of the Co/ Pd bilayers and with applied field. The magnetic configuration obtained from PNR also compares favorably to predictions from an idealized spin-chain model. These results highlight the strong Co-Co interaction dependence on the thickness of the Pd interlayers. ͑A 0.2 nm change in Pd thickness results in a factor of 5 change in the exchange coupling with a concomitant change in domain profile.͒ Our results thus open the door for direct characterization of the depth-dependent magnetic structure in composite PMA recording media where quantitative understanding of interlayer coupling and incoherent reversal is the key.
